Abstract. Organo-modified ferroferric oxide superparamagnetic nanoparticles, synthesized by the coprecipitation of superparamagnetic nanoparticles in presence of oleic acid (OA), were incorporated in polystyrene (PS) by the facile in situ bulk radical polymerization by using 2,2-azobisisobutyronitrile (AIBN) as initiator. The transmission electron microscopy (TEM) analysis of the resultant uniform ferroferric oxide/polystyrene superparamagnetic nanocomposite (Fe3O4/PS) showed that the superparamagnetic nanoparticles had been dispersed homogeneously in the polymer matrix due to the surface grafted polystyrene, confirmed by Fourier transform infrared (FT-IR) spectroscopy and thermogravimetric analysis (TGA). The superparamagnetic property of the Fe3O4/PS nanocomposite was testified by the vibrating sample magnetometer (VSM) analysis. The strategy developed is expected to be applied for the large-scale industrial manufacturing of the superparamagnetic polymer nanocomposite.
Introduction
Polymer nanocomposites containing magnetic metal, alloy, or oxide nanoparticles have excellent potential for applications such as electromagnetic interference shielding, magneto-optical storage, biomedical sensing, flexible electronics, biomedicine, separations, etc. Control over the dispersion of the nanoparticle phase embedded in a polymer matrix is critical and often challenging. To achieve excellent dispersion, competition between polymer-polymer and polymer-particle interactions have to be balanced to avoid clustering of particles in polymer nanocomposites [1] . By far, there are two main approaches for the preparation of the polymer-based magnetic nanocomposites: physical mixing and in situ polymerization. In the first approach, the magnetic nanoparticles were physically mixed into polymeric matrices after being surface-modified with polymers [2] [3] [4] [5] [6] [7] . The strategy is suitable for the largescale industrial manufacturing, however, the uniform dispersion of the magnetic nanoparticles in the polymeric matrices could not be guaranteed [2] . As for the in situ polymerization approach via the solution polymerization [8, 9] , dispersion polymerization [10, 11] , and emulsion polymerization techniques [12] [13] [14] [15] [16] [17] [18] , the magnetic nanoparticles are dispersed well in the polymeric matrices. But it is not suitable for the preparation of bulk magnetic nanocomposites because of its low efficiency.
The bulk polymerization technique is desired to be the most suitable method for the large-scale industrial manufacturing except that, if the magnetic nanofillers are used in the form of small particles, the aggregation of the nanoparticles could be avoided. Most recently, Li et al. [19] 
OA-Fe 3 O 4
The oleic acid modified ferroferric oxide superparamagnetic nanoparticles (OA-Fe 3 O 4 ) were prepared according to our previous report [9] : 2.07 g FeCl 3 ·6H 2 O and 0.81 g FeCl 2 ·4H 2 O were dissolved into 100 ml water with stirring and bubbling with N 2 . Then a mixture containing 10.0 ml ammonium hydroxide, 1.0 ml OA and 15 ml water was added dropwise to the solution after it was heated to 90°C. The reacting mixture was stirred for another 30 min after the addition. Finally, the products were collected by a magnet and rinsed with water three times and with ethanol once and dried in vacuum.
Bulk polymerization
The bulk polymerization was followed: 0.6 g OA-Fe 3 O 4 , 10 ml styrene, 0.15 g AIBN was added into a glass polymerization pipe, then the mixture was irradiated ultrasonically for 5 min and subsequently heated to 90°C and lasted for 8 h. After the temperature was cooled to room temperature, the polymerization pipe was broken open and the resulting superparamagnetic nanocomposite (Fe 3 O 4 /PS) was collected.
Analytical methods
A Bruker IFS 66 v/s infrared spectrometer was used for the Fourier transform infrared (FTIR) spectroscopy analysis. The morphologies of the superparamagnetic nanoparticles were characterized with a JEM-1200 EX/S transmission electron microscope (TEM).Thermogravimetric analysis (TGA) was performed with a Perkin-Elmer performed with a Perkin-Elmer TGA system from room temperature to 800°C in N 2 at a scan rate of 10°C min -1 . The magnetic properties were examined by vibrating sample magnetometer (VSM) (Lakeshore 7304).
Results and discussion
The properties of the inorganic nanoparticle/polymer composites definitively depend on the dispersibility of the inorganic nanoparticles in the polymer matrices. Surface modification of the inorganic nanoparticles with polymers has been validated to be the most impactful method to improve the dispersibility of the inorganic nanoparticles in the polymer matrices [20] . In the preparation of the magnetic nanocomposites via the in situ polymerization technique, oleic acid (OA) is the most used surface-modifier for the magnetic nanoparticles [21] . By modification with OA, the magnetic nanoparticles could be dispersed well in the monomers. Furthermore, the polymer grafted magnetic nanoparticles could be achieved by the copolymerization of the monomers and OA molecules immobilized on the surfaces of the magnetic nanoparticles. Therefore, the aggregation of the magnetic nanoparticles could be avoided and the uniform dispersion of the magnetic nanoparticles is obtained.
The FT-IR spectrum reveals the nature of the bond that is formed between OA and the surface atoms. The antisymmetric and symmetric vibrations at 2920 and 2850 cm -1 , respectively, are clearly observed due to the aliphatic alkyl chains (Figure 1) . The presence of two peaks at 1520 and 1425 cm -1 , attributed to the carboxylate unit vibration modes, shows that oleic acid is bound through the carboxylate anions, i.e. chemisorptions of the surfactant on the iron oxide surface. Except the chemisorbed amount, a physisorbed part was also present as evidenced by a less intense peak at 1721cm -1 (-COOH) because the miscibility of oleic acid with ethanol is low [22] . The TGA analysis (Figure 2) showed that the OA content of the OA-Fe 3 O 4 nanoparticles were more than 20%. In our previous work [9] , the ferroferric oxide/ polystyrene superparamagnetic nanocomposites (Fe 3 O 4 /PS) were prepared by the in situ solution polymerization of styrene in the present of the OA-Fe 3 O 4 nanoparticles. It was found that the highest percent of grafting (PG%) had been achieved in the polymerization of 10.0 ml styrene with 0.60 g OA-Fe 3 O 4 nanoparticles added in 10 ml toluene. So the ratio of the magnetic nanoparticles and monomer was applied in the present work. After the in situ bulk radical polymerization, the magnetic nanoparticles in the magnetic nanocomposite (Fe 3 O 4 /PS) were characterized with FT-IR and TGA techniques after being separated from the non-grafted PS by extracting the Fe 3 O 4 /PS with toluene, as reported previously [21] . Besides the same absorbance bands at 2920 and 2850 cm -1 of the CH 2 antisymmetric and symmetric vibrations, the characteristic absorption peaks at 580 cm -1 attributed to the lattice absorption of magnetite in the FT-IR spectra of the OA-Fe 3 O 4 nanoparticles and the magnetic nanoparticles in the magnetic nanocomposite (Fe 3 O 4 /PS), the absorbance band at 699 cm -1 attributed to the phenyl structure, which is not present in the FT-IR spectrum of the OA-Fe 3 O 4 nanoparticles, appeared (Figure 1 ). It indicated that the polystyrene had been successfully grafted onto the surfaces of the superparamagnetic nanoparticles via the in situ bulk polymerization. So the uniform grey-black superparamagnetic nanocomposite was achieved in the present work. Compared with the obvious macroscopic aggregations reported [23] , the vital difference is the higher OA content in the OA-Fe 3 O 4 nanoparticles. The grafting percentage (GP%, mass ratio of the organic and inorganic components) of the polystyrene grafted magnetic nanoparticles (Fe 3 O 4 -PS) was calculated to be about 30% from the TGA analysis (Figure 2 
Conclusions
In summary, a facile in situ bulk radical polymerization strategy was developed for the preparation of the superparamagnetic nanocomposite (Fe 3 O 4 / PS). The polymerization did not affect magnetic properties of the nanoparticles. The strategy developed is expected to be applied for the large-scale industrial manufacturing of the superparamagnetic polymer nanocomposite due to the advantages such as simple manipulation and high efficiency. 
